Bacillus strains producing highly resistant spores have been isolated from cleanrooms and space craft assembly facilities. Organisms that can survive such conditions merit planetary protection concern and if that resistance can be transferred to other organisms, a health concern too. To further efforts to understand these resistances, the complete genome of Bacillus safensis strain FO-36b, which produces spore resistant to peroxide and radiation was determined. The genome was compared to the complete genome of B. pumilus SAFR-032, as well as draft genomes of B. safensis JPL-MERTA-8-2 and the type strain B. pumilus ATCC7061 T . In addition, comparisons were made to 61 draft genomes that have been mostly identified as strains of B. pumilus or B.
Background
Microbial persistence in built environments such as spacecraft cleanroom facilities [2] [3] [4] is often characterized by their unusual resistances to different physical and chemical factors [2, [5] [6] [7] [8] .
Consistently stringent cleanroom protocols under planetary protection guidelines over several decades [2, [9] [10] [11] [12] [13] , have created a special habitat for multi-resistant bacteria, many of which have been isolated and identified [14] [15] [16] [17] [18] [19] [20] . The potential of many of these isolates to possibly survive interplanetary transfer [3, [21] [22] [23] [24] [25] raises concern of potential forward and backward bacterial contamination. Understanding the survival mechanisms employed by these organisms is the key to controlling their impact on exobiology missions. In addition, their occurrence in the closed environments of the International Space Station, (ISS), could possibly impact the living conditions there as well [2] [3] [4] [26] [27] [28] Two of the most studied organisms in the specialized econiches of spacecraft assembly facilities and the ISS are B. safensis FO-36b T [29] (referred to as FO-36b henceforth) and B. pumilus SAFR-032 [17] (referred to as SAFR-032). These organisms are representative strains of the endospore producing Bacillus sp. [14, 17, [30] [31] [32] [33] [34] . Both strains produce spores that exhibit unusual levels of resistance to peroxide and UV radiation [25, 30, 35] that far exceed that of the dosimetric B. subtilis type strain (B. subtilis subsp. subtilis str. 168, referred to as BSU) [36] . A third strain, B. safensis MERTA-8-2 (referred to as MERTA), was initially isolated from the Mars Odyssey Spacecraft and associated facilities at Jet Propulson Laboratory and later also found on the Mars Explorer Rover (MER) before its launch in 2004. It has been reported that this strain actually grows better on the ISS than on Earth [37] . However, the resistance properties of its spores have not been directly tested. A recent phylogenetic study of 24 B. pumilus and B. safensis strains, found FO-36b, and MERTA clustered together in a distinct group of B. safensis strains [38] .
Previously a draft genome of FO-36b with as many as 408 contigs (https://www.hgsc.bcm.edu/microbiome/bacillus-pumilus-f036b) was compared to SAFR-032 and the type strain B. pumilus ATCC7061 T [39, 40] (referred to as ATCC7061). This comparison identified several genes and a mobile genetic element in SAFR-032 that may be associated with the elevated resistance [40] . Since this previous study was completed, minor corrections to the SAFR-032 gene order were made and the annotation was updated [1] . In addition, a draft genome of MERTA was reported [41] . Herein, we now report a complete genomic sequence for FO-36b and the results of a detailed comparison of these four genomes.
Methods

Sequencing of the Bacillus safensis FO-36b genome.
5μg of purified genomic DNA of FO-36b was digested with NEBNext dsDNA Fragmentase (New England Biolabs, Ipswich, MA) yielding dsDNA fragments in a size range of 50 bp up to 1000 bp. The fragments were fractionated on 2% agarose gel, and those with the length from 300 bp to 350 bp were isolated from the gel as described [42] . [43] was used to remove seven 3'terminal low-quality bases, and to filter out the reads with average Phred quality below 16/base as well as reads containing unidentified nucleotides. Overall, 9,047,105 read pairs and 1,435,623 orphaned single reads with a total of 1,816,274,469 nucleotides were retained after the filtration step. The reads were assembled using Abyss 1.5.2 de novo assembler [44] with the kmer parameter set at 64. The assembly consisted of 22 contigs with a total length of 3,753,329 bp. 
B. safensis FO-36b genome annotation
The FO-36b genome was annotated using the NCBI's Prokaryotic Genome Annotation Pipeline [45] . 3850 ORFs and 40 non-coding RNAs and riboswitches were predicted and the results were deposited in Genbank under accession number CP010405.
Genomes used in comparisons
The recently updated complete sequence of the SAFR-032 genome was obtained from NCBI 
BLAST studies
Individual gene and protein sequences from the FO-36b genome, were blasted against each other as well as against the genomes of SAFR-032, MERTA and ATCC7061 using the standalone version of NCBI's BLAST program [46] . The comprehensive search included blastN and blastX for the nucleotide sequences and blastP for the protein sequences. Additionally, global blast was performed on the sequences against the updated NR/NT databases downloaded from the NCBI on the Opuntia Cluster at the Center of Advanced Computing and Data Systems at the University of Houston.
Genes with BLAST results in which the best hit had an e-value greater than (an arbitrary) 0.0001 were considered absent from the target genome, while those with BLAST e-values below e-10 were considered to be matches. Genes with e-values between e-20 and 0.0001 were further analyzed by aligning the sequence of the entire gene neighborhood with the corresponding region in the other genomes to ascertain/verify the BLAST results as well as to look for unusual features in the sequence. Gene/protein sequence alignments were performed using Bioedit (http://www.mbio.ncsu.edu/BioEdit/bioedit.html).
Phage analysis
The online tool PHAST [47, 48] was used to predict and annotate potential phage elements in the genomes. Comparative analysis of the respective homologs on the other genomes, were performed to map the respective corresponding phage regions on the other genomes.
Genome-genome distance studies and phylogenetic tree comparison
The genomes of B. pumilus and B. safensis were compared using the in-silico genome-togenome comparison method, for genome-based species delineation and genome-based subspecies delineation based on intergenomic distance calculation [49, 50] . Many of the genomes are in draft format, and therefore, do not have complete and reliable ribosomal RNA sequences. Under such circumstances, other housekeeping genes, such as the DNA gyrase genes (gyrA and gyrB) have often been used as alternate targets for phylogenetic studies, given that both are reported to be sufficiently conserved over a long period of evolution [29, [51] [52] [53] [54] [55] .
Therefore, we used the sequence of the DNA gyrase gene (gyrA). The gyrA sequences were bioinformatically isolated from the pumilus/safensis genomes and aligned using Bioedit in the final dataset. Evolutionary analyses were conducted in MEGA6 [58] . The Mauve alignment [59] program was used to align the previous draft FO-36b sequence (GCA_000691165.1 / ASJD00000000) with our current updated sequence (CP010405).
Results
Unique and characteristic genes
Genes are considered to be characteristic if they are present in Table 2) . Four of these are part of predicted phage elements. In addition, there are four genes with fewer than 5 homologs found in other pumilus/safensis genomes (Table 3) . pumilus genomes (Additional file 2: Table S2 ).
Phage insertions
The genome of FO-36b contains two phage insertions, namely the Bacillus bacteriophage SPP1 (NC_004166.2) insertion and the Brevibacillus phage Jimmer 1 (NC_029104.1) insertion. The SPP1 insertion, (Figure 1) , consists of 62 genes (RS87_02955 to RS87_03255). Abbreviated versions are found in the MERTA strain (4 genes) and the ATCC7061 strain (3 genes), (Figure 1 and Figure 2 ). Portions of this element can also be detected in other safensis/pumilus strains by sequence comparison.
The Brevibacillus phage Jimmer 1 (NC_029104.1) insertion is found to some extent in all 60
draft genomes belonging to the Safensis/pumilus family and the one Bacillus sp WP8. In the FO-36b genome, this phage element contains 94 genes (RS87_14155 to RS87_14625). The entire stretch of this insertion can be divided into three blocks, block A (30 genes, RS87_14155 to RS87_14305), block B (30 genes, RS87_14310 to RS87_14455) and block C (34 genes, RS87_14460 to RS87_14625). A major chunk of block C (26 genes RS87_14460 to RS87_14590) is a duplication of block A. The overall scheme of this unique duplication within the insertion is given in Figure 3 .
A similar version of the Jimmer-1 phage region is found in the non-resistant ATCC7061 ( Figure   4 ). In this case, the block A like region is comprised of 32 ORFs (30 genes and 2 pseudogenes, BAT_0021 to BAT_0052). The block C analog is formed from a cluster of 32 ORFs (29 genes and 3 pseudogenes, BAT_0175 to BAT_0206). Finally, a total of 42 ORFs (41 genes and 1 pseudogene, BAT_0053 to BAT_0094) comprise the equivalent of Block B from FO-36b
( Figure 4) .
The MERTA and SAFR-032 strains show equivalent regions of block A and block C from FO-36b. However, both block B and the duplication of the block A equivalent region are missing in these strains ( Figure 5 and Figure 6 ). The genome of the non-resistant spore producing BSU strain, contains the block A and block C equivalents in stretches of 28 ORFs/genes (BSU12810 to BSU12580) and 30 ORFs/genes (BSU12810 to BSU12560) respectively, while block B is entirely missing. However, a major chunk of block A (RS87_14200 to RS87_14300) equivalent region in BSU is duplicated in a stretch of 20 ORFs/genes (BSU25980 to BSU26190) ( Figure 7) .
In general, the occurrence of phage insertion regions and genes therein such as the dUTPase and
RecT genes do not appear to be strongly correlated with resistance properties.
Genes Shared by FO-36b, SAFR-032, and MERTA but missing in ATCC7061
We had earlier reported that a total of 65 genes that were shared by SAFR-032 and FO-36b, were not found in the ATCC7061 strain [39] . Because they correlate with the presence or absence of resistance, these genes are of potential interest. A re-analysis of this list of genes extending to the MERTA strain showed that 59 of these genes are indeed shared by the MERTA strain as well (Additional file 3: Table S3 ). All of these genes are shared by at least several of the available 61 B. pumilus, B. safensis and Bacillis sp. WP8 draft genomes. However, since the resistance properties of these organisms have typically not been examined, it is not immediately possible to determine if the correlation can be extended to these strains.
Phylogenetic analysis
Previous efforts to define the phylogenetic relationship between various B. safensis and B.
pumilus strains relied on 24 genomes including the unpublished draft sequence (ASJD00000000) of B. safensis. Comparing this earlier version with our updated corrected sequence assembly using Mauve shows our version differs considerably (Additional file 4: Figure S1 ). Given this and the large number of additional draft genomes it was concluded that a re-analysis would be appropriate. Genome-genome distance analysis (Additional file 5: Figure S4 ) and "gyrA" tree analysis of the 61 available strains were used to examine relationships among the strains. The results using the maximum likelihood method are shown in Figure 8 . Alternative tree constructions are provided as Additional file 5: Figure S2 and Additional file 6: Figure S3 . The trees are consistent with the earlier work (38) . Two large clusters are seen. 
Discussion
If there is a single group of genes accounting for the elevated spore resistances seen in various strains of B. pumilus and B. safensis then the relevant genes should be shared by all three strains examined here but absent in the type strain. The fact that the extent of resistance and type of resistance (radiation, desiccation etc.) varies suggests there may not be a single set of genes involved. In any event, the distinctions seen may occur due to regulatory differences resulting in key genes associated with resistance being expressed at different levels [60] [61] [62] . Although not correlated with resistance information, it is of interest that in FO-36b, there is a dUTPase and a DNA recombinase gene included in the Bacillus bacteriophage SPP1 (NC_004166.2) homologous region.
Phage insertions
Conjugative elements and phage-mediated insertions play major roles in the evolution of bacteria [63] by contributing to the genetic variability between closely related bacterial strains [64] , which are often implicated in the phenotypical differences such as bacterial pathogenesis [64] [65] [66] [67] .
Bacteriophage-mediated horizontal gene transfer enhances bacterial adaptive responses to
environmental changes such as the rapid spread of antibiotic resistance [68] . Furthermore, phages mediate inversions, deletions and chromosomal rearrangements which help shunt genes that could directly impact the phenotype between related strains [64] or between phylogenetically distant strains via horizontal gene transfer (HGT) [69] . All of these evolutionary events have implications for selection and fitness.
The first phage insertion in FO-36b is homologous to the Bacillus bacteriophage SPP1. The SPP1 is a 44-kb virulent Bacillus subtilis phage, well-known for its ability to mediate generalized transduction, a widespread mechanism for the transfer of any gene from one bacterium to another [70] . The second insertion is homologous to Brevibacillus phage Jimmer 1, which is one of several myoviruses that specifically target Paenibacillus larvae, a Firmicute bacterium, as a host [71] .
The B. safensis strain lacks the ICEBs1-like element that was previously found in SAFR-032 and as an incomplete analog in ATCC7061 [40] . As reported earlier [40] , the ICEBs1-like element does harbor some SAFR-032 unique genes and thus, their presence was suggested as being possibly responsible for the resistance properties of SAFR-032. The absence of the ICEBs1-like element in the FO-36b genome suggests that this may not be the case. FO-36b has an established phenotype showing spore resistance to peroxide exceeding that of the other JPL-CRF isolates [14] . SAFR-032 spores have been demonstrated to show resistance to UV radiation exceeding that of the other JPL-CRF isolates [17] . Given that both FO-36b and SAFR-032 harbor genes unique to each of them, on their respective phage elements (the two insertion elements in the case of FO-36b that are reported here and the ICEBs1-like element in the case of SAFR-032), a role of these unique genes in their respective unique spore phenotypes cannot be entirely ruled out.
Furthermore, more than one-half of in silico predicted phage gene products are hypothetical without any assigned functions [72] [73] [74] [75] [76] . Comparative genomic approaches use closely related phages from different host organisms and exploit the modular organization of phage genomes [77] . However, these methods are not adequate to address the hypothetical protein coding ORFs that are unique to phage insertions found in a given microbial strain displaying unique phenotypes as in the case of FO-36b and SAFR-032.
Hypothetical phage proteins are considered potential candidates for bacterial detection and antimicrobial target selection. In recent times, efforts towards discovering phage-based antimicrobials has led to the experimental characterization of specific phage proteins [78] . The identification of hypothetical ORFs unique to FO-36b and SAFR-032 phage insertion elements mark them out as potential biomarker candidates for the identification/detection of such strains.
The distribution of the phage elements is not consistently associated with resistance properties.
The Jimmer1 phage includes many genes found in all the strains whether resistant or not. The previously highlighted ICEBs1 like element found in the resistant SAFR-032 is not found in the resistant FO-36b strain. The SPP1 element found in the resistant ATCC7061 strain is missing in SAFR-032. One might speculate that individual phage elements might have been transferred to the main genome in the last two cases thereby maintaining consistency with resistance properties. However, no examples of this were found.
Non-phage associated genes
Genes shared by the three resistant spore producing strains but not the non-resistant ATCC7061 strain are candidates for association with thee resistance properties. Of the 65 ORFs we had reported earlier to be uniquely shared by SAFR-032 and FO-36b [39] , 59 are shared by the MERTA strain (Additional file 4: Table 3 ). When the analysis is extended to all 61 genomes it was found that in each case at least one additional organism had a homolog to the candidate gene. For example, one of these ORFs (FO-36b locus tag RS87_09285), is found to be shared by 
Highly unique open reading frames
The nine FO36b ORFs (hypothetical proteins) that were found to be absent from all the safensis/pumilus (and the Bacillus sp. WP8) genomes available in the NCBI database (Table 2A) may be envisioned as possibly contributing to the FO-36b spore resistance. Four of these highly unique ORFs are found on phage elements (one ORF, RS87_03140 on the Bacillus bacteriophage SPP1 insertion and three ORFs, viz., RS87_14155, RS87_14285, and RS87_14310 on the Brevibacillus phage Jimmer 1 insertion). This is similar to the situation with the ICEBs-1 like element in SAFR-032 that harbors unique SAFR-032 ORFs [40] . Four other ORFs had fewer than 5 homologs found in other B. pumilus/B. safensis genomes. Two of these four ORFs, are also found on the phage elements and hence could be random remnants of lateral transfer.
Phylogenetic analysis
The results of the current study using genome-genome distance analysis and "gyrA" tree analysis are consistent with, but more detailed than the earlier study [38] . In agreement with the earlier studies the safiensis/pumilus strains form a coherent cluster with three large subclusters ( Figure   8 ). One of these includes the FO-36b, and MERTA strains as well as all other B. safensis strains.
B. pumilus strains in this grouping are likely misnamed. The FO36b and MERTA strains are both in the same subcluster of the larger B. pumilus group.
Conclusions
A recent report [79] has implicated that the opposing effects of environmental DNA damage and DNA repair result in elevated rates of genome rearrangements in radiation-resistant bacteria that belong to multiple, phylogenetically independent groups including Deinococcus. This view is not consistent with the four genomes examined in detail here as few arrangements are observed.
Although candidates continue to exist, no specific gene has been identified as likely being responsible for the resistances exhibited by these organisms. The differences in resistance properties can easily be attributed to changes in expression level but of what gene or genes? With a larger phylogenetic tree now available, it should be possible to select a representative subset of strains for further resistance studies as well as sequencing. "hyd" = hydrolase, "chp" = conserved hypothetical protein, "pept" = peptidase, "hp" = hypothetical protein, "TR" = transcriptional regulator, "Ps"= pseudogene, "lp" = lipoprotein, "gsp" = group specific protein, "oxi" = oxidase. "hp" = hypothetical protein, "chp" = conserved hypothetical protein, "pp" = phage portal protein, "sp" = structural protein, "sgp" = spore germination protein, "int" = integrase. 
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Figure 8. Molecular Phylogenetic analysis by the Maximum Likelihood method
The evolutionary history was inferred by using the Maximum Likelihood method based on the Tamura-Nei model [82] . The tree with the highest log likelihood (-18689.4597) is shown. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Maximum Composite
